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ABSTRACT
DUSTIN L. MARKLE: Dynamics of Transcriptional Repression by X Cro Repressor
In Vivo

Cro is a regulatory protein that participates in the life cycle switch of
bacteriophage lambda (X). While wild-type Cro is produced as a single domain
polypeptide monomer, two monomers must assemble to form a dimer before Cro can act
as a functional transcriptional repressor. We suspect that dimerization of Cro monomers
determines, in part, the dynamics of the activity of the protein in vivo. Rate and
equilibrium constants for dimerization of several Cro variants have already been
determined in vitro,, and dimerization of Cro monomers is slow relative to other similar
proteins. This study is concerned with exploring the in vivo dimerization rates of Cro
variants.
Synthetic genetic circuits have been constructed and integrated into the genome of
a strain of Escherichia coli to allow induction and repression of the expression of Cro
protein variants. This allows for study of the dimerization process and the dynamics of
subsequent repression of the circuit. Our strains contain either wild-type Cro or a
synthetic variant, single-chain Cro (scCro), which does not require dimerization to
function as a repressor. Also integrated into our strains is the lacZ gene for pgalactosidase, our reporter enzyme.
The experimental rationale is to induce in separate strains the production of our
two Cro variants, along with P-galactosidase, and then to compare the kinetics of
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repression of the circuits by the Cro variants to determine the effect of dimerization in
vivo. A majority of our work has consisted of combining and optimizing several pre¬
existing methods of p-galactosidase assays to fit our particular experimental conditions.
Our assays have been completed for both short time-course and long-term levels of
induction and show more rapid transcriptional repression by our scCro variant compared
with wild-type Cro. These results support the proposition that dimerization plays a role
in repression dynamics.
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I. INTRODUCTION

A. Bacteriophage lambda
Bacteriophage lambda(X)is a virus that infects bacteria, specifically Escherichia
coli. The phage particle is composed of viral DNA enclosed in a protein coat. The phage
infects the bacterium by first attaching itself to the cell wall of the bacterium then
injecting its single chromosome into the bacterial cell. After the transfer of genetic
material is made, based on the complement of genes expressed by the viral chromosome
at the time, the bacterium will enter one of two cycles, the lytic cycle or the lysogenic
cycle.

B. Viral cycles
In the lytic cycle of A,, the viral DNA remains separate from the genetic material
of the host and uses the cellular machinery of the host to produce new phage particles
(-100) until the cell lyses to release the new virions (Atsumi, 2006). This lysis results in
the death of the host cell.
In the lysogenic state of A., the viral chromosome, in effect, assumes a state of
dormancy in the host bacterium. The viral DNA is integrated into the chromosome of the
host bacterium and remains silent, or unexpressed, until the decision is made to switch to
the lytic cycle. While in the lysogenic cycle, the viral DNA is replicated with the
bacterial chromosome and is thereby passed on to future generations of bacteria. Until
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some environmental change (exposure to radiation, for example)induces a switch to the
lytic cycle, the integrated phage DNA will remain dormant(Atsumi, 2006).

C. Genetic regulation in X
The choice of life cycle for the phage X DNA once inside the bacterium is
determined by proteins that may associate themselves with control sequences on the viral
DNA. In the process of genetic expression and protein synthesis, RNA polymerase binds
to promoter sequences to initiate transcription. The ability of RNA polymerase to access
these sequences on the DNA determines the expression of genes. Located in close
proximity to and in some cases overlapping these promoters on the DNA are other
control sequences called operators. In phage X, the operator region of interest with the
lysis/lysogeny decision is the region of the right operators, or Or. It is composed of three
operators, OrI, Or2, and Or3(Figure lA). Two X proteins competitively associate with
these three sequences of Or to negatively and positively regulate the accessibility of
certain promoters to RNA polymerase and to contribute to the lysis/lysogeny decision
(Ptashne, 1992; Johnson et al.,1981).
When the phage is in the lysogenic cycle (Figure IB), dimers of X repressor,
coded for by the cl gene, associate first with OrI then also with Or2 in a cooperative
manner to prevent RNA polymerase access to the right promoter (Pr). This results in the
repression, or prevention of transcription, of the cro gene (coding for Cro protein) under
the control of Pr — an example of negative regulation. Conversely, binding of repressor
to Or2 results also in the increased initiation of transcription at the promoter of repressor
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Figure 1 A: X Bacteriophage DNA Control Sequence.
The A. control sequences for the lysis/lysogeny decision are shown. The thin line
represents the viral DNA,and control regions are depicted by boxes on the DNA.
Components of the right operator, Or3, Or2, and OrI, ai'e depicted along the DNA in
their respective positions in the promoter of repressor maintenance (Prm) and/or the right
promoter (Pr). Upstream of Prm is the cl sequence for A repressor. Downstream of Pr is
the cro sequence for the Cro protein monomer.
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Figure IB: A. Control Sequence in Lysogenic Cycle.
X assumes the lysogenic cycle when A repressor dimers (depicted by red octagons labeled
‘cl’) are bound to the Or2 and OrI regions of Pr, effectively blocking the binding of
RNA polymerase to Pr and preventing transcription of cro, downstream of Pr.
Transcription upstream of Pr ensues due to X repressor-induced increased RNA
polymerase binding to Prm, producing more A repressor to maintain the lysogenic state.
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Figure 1C; A. Control Sequence in Lytic Cycle.
A, assumes the lytic cycle when a Cro dimer (depicted by a red octagon) is bound to the
Or3 region of Prm, effectively blocking binding of RNA polymerase to Prm ^md
preventing transcription of cl, upstream of Prm- Or2 and Or 1 are free in the Pr region,
and RNA polymerase can there bind to continue transcription of the cro gene.
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maintenance (Prm), as the close proximity of X repressor to Prm allows for positive
protein-protein interaction between X repressor and RNA polymerase and encourages
RNA polymerase binding. Now more X repressor monomers are produced under the
direction of Prm and may dimerize to maintain the repression of Pr - an example of
positive auto-regulation. X repressor can also independently bind to Or3, but with much
lower affinity. Negative auto-regulation is observed in this case, as transcription of X
repressor is then inhibited.
When the lytic cycle is initiated from a lysogenic state (Figure 1C), X repressor
dissociates from Or2(and OrI) allowing expression of cro under the control of Pr. Cro
protein, a 66-amino acid polypeptide is produced. Cro monomers have a relatively low
affinity for one another, in spite of which they spontaneously form homodimers. This
dimerization is necessary for the DNA-binding function of Cro. Once in dimer form, Cro,
like X repressor, may also bind to all three operators. While Cro binds the same
components of Or as X repressor, it differs from X repressor in two major ways:
1.) It is strictly a negative regulator of PRM2.) Its order of binding affinity to the three components of Or is opposite that of
X repressor.
Once formed, a Cro dimer binds to Or3, effectively blocking Prm

ihe

expression of X repressor. As Cro accumulates, it will bind respectively to Or2 and OrI,
thereby resulting in its own down-regulation as the lytic cycle continues (Ptashne, 1992).

4

D. Experimental rationale
The lysis/lysogeny decision is a crucial physiological process for phage X\ and
therefore, the dimerization event of Cro is an important step to be considered. How
quickly the Cro dimer forms and how tightly it binds in vivo to the various Or
components are most likely important as well. Determination of dimerization rate and
equilibrium for wild-type Cro and certain synthetic variants has been achieved in vitro,
and it has been found that dimerization is a slow process in these conditions. While
estimates of equilibrium dissociation constants for Cro dimers in the absence of DNA
range from 0.3 (Darling, 2000 Biochemistry^ to 3pM (Jana, 1997), dimers achieve half
saturation of operator DNA at nanomolar concentrations (Darling, 2000 T. Bio. Mol.;
Takeda, et al., 1989; Jana et al., 1997) indicating a link between dimer formation and
DNA binding (Satumba and Mossing, 2002). Also, a product of a synthetic fusion of two
cro genes with a short linker sequence, called single-chain Cro (scCro), which has no
necessity to dimerize before it can function, was shown to have an increased affinity in
vitro for DNA binding compared to wild-type Cro (Jana et al., 1998).
The goal of the present studies is to determine the in vivo dimerization and DNA
binding dynamics of wild-type Cro and scCro. Certainly cellular conditions are very
different from in vitro conditions, and this may result in a marked difference in folding
and binding dynamics of Cro. This study will explore the possibility that the kinetics of
dimerization of wild-type Cro make in vivo repression slower than in the case of the pre
assembled dimer, scCro.
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E. Lac operon
In order to study the kinetic rates of Cro production, folding, and dimerization in
vivo, we must be able to control the expression of Cro (or scCro), and we must be able to
quantify the proteins produced and their time-course of activity. For this purpose, we
have incorporated several components of the lac operon with components of the X control
sequences in our host E. coli genome.
The lac operon consists of lac promoter (Piac), lac operator (lacO), and four
protein coding genes, lad, lacY, lacZ, and lacA. Our interest is in lad, lacZ, and lacO.
lad codes for the lac repressor (lacR), the native repressor of the lac operon. lacR is a
functional tetramer, but only two subunits bind at a time. lacR binds to lacO in a similar
manner as Cro and X repressor bind X operator (A.O)to control gene expression. lacZ
codes for monomers of the tetrameric enzyme P-galactosidase (Muller-Hill, 1996). In
states when glucose is in abundance and P-galactosidase is not necessary to produce
glucose from polysaccharides, lacR binds to lacO and inhibits transcription of lacZ
downstream. However, when glucose is not present in sufficient amounts, lactose serves
as the natural inducer of the system by binding lacR and inducing its release from lacO.
Isopropyl-P'D'thiogalactopyranoside(EPTG)is a synthetic inducer of the lac operon that
mimics the role of lactose in binding to lacR.
Fortunately, assays of p-galactosidase production and activity are much more
easily executed than assays of Cro production and activity. Therefore, we have chosen to
use P-galactosidase activity as our reporter for Cro (or scCro) production and function.
This was achieved by using recombination methods to place the cro (or scCro) and lacZ
genes in tandem under the control of the lacO, Pr and XO control sequences, lad was
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also employed in our constructs, placed upstream of the regulatory sequences for
maintenance of initial repression of the system.
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II. GENETIC NETWORK CONSTRUCTION AND RATIONALE

In order to make the desired experimental observations, several experimental
conditions must be met. First, we must be able to regulate the production of our proteins
of interest, Cro or scCro. Second, we must have a method to report the production.
evolution and function of Cro or scCro as a function of time. To achieve these ends, we
have integrated components of one of the most well-studied regulatory circuits, the lac
operon, into our experimental constructs.
We have constructed genetic circuits which allow us to induce and repress the
expression of Cro or scCro. The circuits consist of three common DNA sequences
(lambda Pr promoter and lac and lambda operators, lacO and XO, respectively), two
repressor genes {lad and cro or scCro) and a reporter protein gene (lacZ) in tandem
(Figure 2A). These genes from plasmid pAH125 have been integrated into the
chromosome of our host strain of E. Coli, BW25113(Figure 2A), along with a gene
conferring kanamycin resistance (not shown). We have named our three experimental
strains BW25113::pAH-lacI-OPO-lacZ(with no Cro variant gene. Figure 2B),
BW25113::pAH-lacI-OPO-Cro-lacZ (with wild-type cro. Figure 2C), and
BW25113::pAH-lacI-OPO-scCro-lacZ(with scCro, Figure 2D).“OPO” refers to XO,Pr,
and lacO, respectively. The :: notation indicates integration of the genes into the
bacterial chromosome, as opposed to being introduced to the host via a plasmid that
replicates independently of the chromosome.
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Figure 2A: Single Copy Integrant Scheme Example.
Components of the pAH 125 plasmid, including lach the OPO (lambda operator, right
promoter, and lac operator) control sequence, and sequences coding for Cro protein
variants and (3-galactosidase {lacZ gene), were integrated in the chromosome of our host
strain, BW25113 as shown. The natural state of the circuit displays constitutive
expression of lad with lac repressor (lacR) tetramers repressing transcription of genes
under the direction of OPO. AttL and AttR indicate the junctions between the integrant
DNA and the original bacterial chromosome.

Pf^
R

lacZ
O

Figure 2B: Strain BW25113::pAH-lacI-OPO-lacZ.
This figure portrays a portion of the integrant of the OPO strain. In this strain, the lacZ
gene is located downstream of the OPO region, and there is no sequence for Cro or scCro
included. A single mRNA transcript(wavy line) for p-galactosidase is produced during
transcription from Pr. Each translation of the mRNA produces one P-galactosidase
monomer (b-gal).
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Figure 2C: Strain BW25113::pAH-lacI-OPO-Cro-lacZ.
This figure portrays a portion of the integrant of the OPO-Cro strain. In this strain, the
lacZ gene is loeated downstream of the OPO region and the cro gene. A single mRNA
transcript (wavy line) for both Cro and P-galactosidase is produced during transcription
from Pr. Each translation of the mRNA produces one Cro monomer and one P~
galactosidase monomer.

Figure 2D: Strain BW25113::pAH-lacI-OPO-scCro-lacZ.
This figure portrays a portion of the integrant of the OPO-scCro strain. In this strain, the
lacZ gene is located downstream of the OPO region and the scCro gene, shown as two
cro sequences Joined by a short linker sequence. A single mRNA transcript (wavy line)
for both scCro and P-galactosidase is produced during transcription from Pr. Each
translation of the mRNA produces one scCro molecule and one P-galactosidase monomer.
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For simplicity, throughout the remainder of this discussion, the three strains will
be referred to as OPO,OPO-Cro, and OPO-scCro, respectively.
As shown in Figure 1 A,lad is under the control of Piq, while the remainder of
our genes of interest, lacZ and our two cro variants, are under the control of Pr. In all
three of our strains, lad is being transcribed continually from Piq to produce lac repressor
(lacR) molecules. Since lacR is produced continually, it eventually reaches a steady-state
of expression within the cell. This steady-state is the sum of both lacR production
(unregulated) and lacR degradation. This steady-state level of lacR protein is sufficient
to promote constant binding to the lac operator (lacO). In Figures 2 A-D,the lacO region
on the DNA is represented as an octagon which is immediately upstream of lacZ and
immediately downstream of the Pr control region. Therefore, when lacR is bound to
lacO in the natural state of the circuit, transcription of lacZ(and cro or scCro) is
prohibited, and we can describe the system as being repressed. The expression scheme is
drastically different once we induce the system.
To induce the system, the synthetic inducer IPTG is added to a culture of cells.
IPTG binds lacR, which is bound to lacO, and induces a conformational change in lacR
that results in the release of the IPTG-lacR complex from lacO. Now,lacO is free of
inhibitor and downstream genes may be transcribed. For our OPO strain, as shown in
Figure 2B, the native cellular enzyme RNA polymerase may bind to the Pr//<3cO control
region of the DNA upon induction to begin transcription. Once bound, RNA polymerase
moves along the DNA,reading the genetic code and using free nucleotides in the cell to
assemble messenger RNA(mRNA)coding for p-galactosidase. (The mRNA product of
RNA polymerase is represented by the wavy line in Figures 2B-2D.)
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After transcription is initiated, the newly synthesized mRNA is used for the
second process of genetic expression, translation. (In prokaryotes such as E. Coli,
translation and transcription occur concurrently, as there is no physical barrier
compartmentalizing the bacterial chromosome from the cytoplasm.) Ribosomes read the
mRNA and use free amino acids carried by transfer RNA (tRNA)to translate it into the
form of a polypeptide, in this case p-galactosidase. From this point, p-galactosidase
monomers fold and assemble to result in the enzymatically-active P-galactosidase
tetramer.
In the case of our OPO-Cro strain (Figure 2C), after induction by IPTG is
achieved, the mRNA produced contains the code for both P-galactosidase and Cro
monomers. For every Cro monomer produced by subsequent translation of this mRNA,
there is also one p-galactosidase monomer produced, as no stop codon interrupts the
genes for these two proteins on the mRNA. As Cro monomers are produced, they may
dimerize to form the active Cro repressor molecule (shown as Cro2 in Figure 2C). The
active dimer may then bind to the X operator(^O)control region. When the Cro dimer is
bound to ^O, it represses the circuit by blocking RNA polymerase access to Pr and lacO
in the same general manner as lacR functioned in the initially repressed state.
For the case of our OPO-scCro strain (Figure 2D), after induction is achieved, the
mRNA produced contains the code for both P-galactosidase monomers and scCro. For
every p-galactosidase monomer produced by subsequent translation of this mRNA,there
is also one scCro molecule produced, as no stop codon interrupts the codes for these two
proteins on the mRNA. The scCro gene is a result of cloning two wild-type Cro genes in
tandem with a short linker region. Therefore, the translation of scCro differs from that of
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Cro in that when translation and folding of scCro are complete, the transcribed molecule
is already an active repressor. There is no need for dimerization. scCro may bind to A.0
in the same manner as the wild-type Cro dimer in order to repress the circuit.
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III. METHODS

Cells from frozen stocks of all three experimental strains(OPO,OPO-Cro, and
OPO-scCro) are plated for single colonies on Luria Broth/agar plates with kanamycin
(50pg/ml). Three separate volumes of M9 media (Appendix A), also with kanamycin
(50pg/ml), are then inoculated with single colonies of the three strain variants and are
allowed to grow overnight in a roller-drum incubator at 30°C.
After 12 to 18 hours, the three cultures are then diluted in M9 media to an optical
density at 600 nm (OD6oo) of approximately 0.05 and allowed to grow for 3 to 4
generations (a cell density increase of 8x to 16x) in a 30°C water bath before
experimentation to ensure the strains are in the logarithmic growth phase. It is necessary
to ensure the cells aie in this growth phase to promote reproducibility of data.
When the cell cultures have reached the target ODeoo of approximately 0.4-0.5, a
sample is taken from each culture and diluted 1:40 in Z-buffer (Miller, 1992; Appendix A)
with chloramphenicol (50pg/ml). This is the un-induced control and should be found to
have little enzyme activity.(This control serves to reinforce and demonstrate the fact that
in the un-induced state, lacR maintains sufficient repression of the circuit.) The
remaining cultures are kept at 30°C in the water bath and, at time = 0, are induced with
0.5mM IPTG to begin production of p-galactosidase and Cro or scCro, according to the
composition of the respective strains. At two-minute increments, through a total
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induction time of 28 minutes, samples are taken from the induced cultures and diluted
1:40 in Z-buffer with chloramphenicol as with the control sample to stop translation of Pgalactosidase and Cro or scCro.
After all induction timepoints have been taken, aliquots of the 1:40 culture
dilutions are then lysed using 0.1 7c SDS and chloroform (CHCI3),in much the same
method called for by the Miller assay (Miller, 1972). However, this lysis is done in a 96well plate by using an 8-channel pipetter and pipetting the solutions a consistent number
of times (25), in lieu of vortexing, to better facilitate the large number of samples
(Griffith and Wolf, 2002).
After the CHCI3 settles to the bottom of the wells, duplicate volumes of each lysis
mixture are then transferred to another 96-well plate. Our chosen p-galactosidase
substrate, MUG,(20pl of a 1 mg/ml solution) is then added to each well. The plate is
then transferred to a spectrophotometric plate reader instmment where the results of the
appropriate excitation/emission events (Appendix B)for the MUG cleavage product,4MU are recorded 30 times sequentially over a period of about 30 minutes.
Data is then analyzed using a program we developed in Matlab® (Appendix C)
that linearly fits the evolution of 4-MU fluorescence against time for each sample well.
The slope of this line is proportional to the total number of p-galactosidase molecules and
thus the total number of Cro/scCro molecules in the well. When the slope is divided by
the OD600 of the well, it is proportional to the number of these molecules per cell. These
slopes, for all three strains and all time-points, are then plotted against the times of
induction from 0 minutes through 28 minutes, to show the evolution of p-galactosidase
molecules over time.
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IV. RESULTS

A. Procedural Optimization Experiments

Preliminary experiments were performed to identify the experimental conditions
which provided the most accurate and most optimized results for our specific assays.
Many variations of (3-galactosidase assays are documented in literature; however,
adaptation ot the pre-existing procedures to fit our experimental goals was necessary.
Adhering to these protocol conditions throughout the course of the study allowed for the
experiments that would follow to be executed in the most consistent and reproducible
manner. Since our studies were conducted in vivo, the experimental development was
quite complex.

i. Growth Conditions: In order to maintain repression of our genes of interest
(lacZ and cm or seem) by lac repressor (lacR) until the initiation of each experiment,
cells were grown without lactose as a carbon source. Glucose was chosen as the sole
carbon source in our growth protocol, as it has no effect on the OPO promoter. We chose
M9 minimal media as our growth media due to its low background fluorescence, and we
grew the cells for each experiment in a 30°C water bath. Each culture was started from a
single colony cultured on Luria Broth/agar plates with kanamycin to select for our
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strains. As our strains have an integrated kanamycin-resistance gene, kanamycin at
50|ig/ml u as used tc^ select for our desired strains on both growth plates and in M9 media.

ii. Induction protocol: When our host E. Coli strain BW25113 is cultured in the
absence of lactose, lacR binds to lacO, efficiently repressing expression of both cro (or
seeto) and UicZ. Isopropyl-p-D-thiogalactopyranoside(IPTG)is a synthetic molecule
which functions similarly to the natural inducer of the lac operon, lactose. IPTG binds
DNA-bound lacR, causing an affinity-reducing conformational change in lacR and the
subsequent release of lacR from lac operator(/«cO)(Ptashne, 1992). From that point of
induction, production of both Cro (or seCro) and p-galactosidase mRNA ensues followed
by translation of the mRNA into protein.
To begin each experiment, we used IPTG to induce the expression of our genes of
interest in our bacterial cultures. However useful EPTG is as a convenient inducer of our
genetic circuit, it is also an inhibitor of p-galactosidase, our reporter enzyme (Muller-Hill,
1996). Therefore, we conducted a study to determine the optimal IPTG concentration for
induction of intact cells with minimal competitive inhibition of p-galactosidase (Figure 3).
From a comparative assay of induction efficiency using IPTG concentrations
ranging from IpM to 2 mM,it was determined that induction of intact cells of the OPO
strain begins at IPTG concentration greater than 2 pM,and induction is at its maximum at
IPTG concentration equal to 400 pM (Figure 3). IPTG inhibition of p-
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Figure 3: IPTG Concentration is Optimal for P-galactosidase Induction at 400|iM.
Cells of our OPO strain were treated with concentrations of IPTG varying from 0 to 2000
|jM and were allowed to grow for several generations. The P-galactosidase activities of
the cells in each IPTG concentration were then assayed. All activities were normalized to
the maximum, at 400 )_iM. P-galactosidase activity is plotted on the ordinate, and IPTG
concentration (pM) is plotted on the x-axis (logarithmic scale).
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galactosidase is present at IPTG eoncentrations greater than 400 \M. We chose to set our
induction protocol at 500 pM. or 0.5mM,IPTG for convenience of calculation.

iii. Choice of reporter enzyme substrate: The classically-used substrate of pI

galactosidase has been o-nitrophenyl-P-D-galactoside(ONPG)(Miller, 1972). However,
following the Miller method of enzyme assay with ONPG as substrate is a slow process
that does not lend itself w'ell to high-throughput experiments. Therefore, we chose to use
another synthetic substrate of P-galactosidase, 4-methylumbelliferyl-P-Dgalactopyranoside(MUG). When cleaved by p-galactosidase, MUG gives a fluorescent
product, 4-methylumbelIiferone (4-MU)rather easily observed by spectroscopy using an
excitation wavelength of 355 nm and an emission wavelength of 460 nm (Figure 4)
(McGuire et al., 2002).

OH

kOH

,OH

b-galactosidase

0^0

.OH
0^0-

4-methyIumbelliferone

4-methylumbelliferyl-b-d-galactopyranoside

(4-MU)
FLUORESCENT

(MUG)

Figure 4: Cleavage of MUG by p-galactosidase
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iv. Translation inhibition: In order to observe the time-course evolution of Cro
via the production ot P-galactosidase as a function of time, we must not only be able to
induce, but also be able to stop the production of Cro or scCro and p-galactosidase. By
stopping aliquots ot induced bacterial culture at sequential points in time following
induction, then assaying the stopped cultures for P-galactosidase activity using MUG,we
hope to observe a linear increase over time in the amount of enzyme produced, which
will be attenuated upon binding of Cro or scCro to XO.
As noted in Figure 3, the expression of both these genes may be repressed by
dilution ot IPTG, facilitating repression once again by lacR. This halts the transcription
process but allows the continued translation of all pre-existing transcripts up to the point
of degradation. Also, the expression of these genes may be repressed by addition of
chloramphenicol(CAM), which halts the translation process by ribosomal interference.
Literature reports using concentrations of CAM anywhere from 100 pg/ml to 200 pg/tnl
to effectively stop translation (Griffith and Wolf, 2002; Farewell and Neidhardt, 1998).
We conducted a comparative study of two concentrations of CAM to determine if
both CAM concentrations effectively stopped translation of the mRNA and if either
concentration had any effect on reported p-galactosidase activity. IPTG-induced cultures
of OPO, OPO-Cro, and OPO-scCro strains were split in two and treated with either 50
pg/ml or 200 pg/ml final concentrations of CAM and assayed for p-galactosidase activity
(Figure 5). The linearity of fluorescence evolution for both concentrations (not shown)
was thought to indicate that both concentrations were effective at stopping translation, as
any new enzyme synthesized during the course of the assay would cause an increase in
reported slope.
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Figure 5: 200|j,g/ml Chloramphenicol May Inhibit p-galactosidase Activity.
In parallel experiments, concentrations of 50 pg/ml and 200 pg/ml chloramphenicol
(CAM) were used to stop translation in two separate volumes each of OPO, OPO-Cro,
and OPO-scCro cultures to explore inhibitory effects of CAM on P-galactosidase. Data
for the 50 pg/ml treatment is shown in blue, and data for the 200 pg/ml treatment is in
red. For all three strains, a reduction in reported enzyme activity is seen with the 200
pg/ml treatment compared to the 50 pg/ml. Also, this figure is our first demonstration
that the OPO-Cro strain shows lower induced levels of enzyme activity than the OPO
strain, and that the OPO-scCro strain enzyme level is yet lower than the OPO-Cro.
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Howc\ei\ it was also determined that using the higher concentration of CAM
depressed reported (^galactosidase activity 137r for OPO,48% for OPO-Cro and 26% for
OPO-seCro. It is unlikely that CAM is a competitive inhibitor of p-galactosidase.
Therefore, we believe that a possible explanation for these results is that 50gg/ml CAM is
not as efficient at stopping translation as is 200pg/ml, but that the subsequent lysis
treatment is. In effect, the lysis procedure may have masked the effects of the CAM
treatments. It is possible that during the time between CAM treatment of the cells and
lysis of the cells (up to 28 minutes), there is some continued translation in the case of the
50pg/ml treatment compared to the 200gg/ml treatment.
A future study is necessary to verify the efficiency of both concentrations at
stopping translation. This plan for this experiment would be to treat a volume of cells
with 50|ig/ml CAM,execute the lysis procedure, then split the lysis mix in two. Allow
one aliquot to remain at 50pg/ml CAM,but increase the concentration of CAM in the
other to 200p.g/ml post-lysis. This would better indicate the inhibitory effects, if any, of
CAM on p-galactosidase. Unfortunately, without considering the holes in our initial
comparative experiment, we chose to employ a working concentration of 50gg/ml CAM.

V. Necessity of lysis of cells prior to enzyme assay: The main reason we chose
to use MUG instead of ONPG as our enzyme substrate were that we desired to observe
the real-time evolution of p-galactosidase molecules in the cells, and the literature
claimed that MUG could be used for quantitative detection of P-galactosidase without
having to lyse the cells prior to assay (Vidal-Aroca et al., 2006). However, over the
course of developing our assay technique, we observed inconsistencies and an
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irreproducibilily of (^-galactosidase activities reported by MUG when we did not lyse the
cells. A comparative assay was done using our cells of the OPO strain. In one
experiment we added Ml^G to intact cells in Z-buffer with CAM (50pg/nil) and observed
fluorescence e\ olution. In a duplicate experiment, we used a sample from the same
culture of cells and lysed the cells in Z-buffer with CAM (50)ig/ml) by vortexing with
0.19c SDS and CHCl

Six replicates of intact cells and six replicates of lysed cells were

assayed, and the resulting fluorescence evolution was analyzed. The results of these two
assays are diplayed in Figure 6.
For the intact cells, an average slope of(86 ± 6)fluorescence units/time was
observed. For the lysed cells, an average slope of(2800 ± 25)fluorescence units/time
was observed. This shows an over 30-fold increase in reported p-galactosidase activity in
lysed cells versus intact cells. Also, it can be concluded that lysing the cells gives more
reproducible results, as the relative standard deviation is 0.9% for lysed cell replicates
whereas the relative standard deviation is 7% for intact cell replicates.
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Figure 6A: Assay of Intact Cells Reports Lower and More Variable p-galactosidase
Activity. In six replicate measurements of MUG product fluorescence evolution of
unly.sed, un-induced OPO cells, an average activity-reporting slope of 86.2 was reported.
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Figure 6B: Assay of Lysed Cells Reports Higher and Less Variable P-galactosidase
Activity. In six replicate measurements of MUG product fluorescence evolution of
lysed, un-induced OPO cells, an average activity-reporting slope of 2796.2 was reported,
a more than 30-fold increase compared to intact cells.
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B. p-galactosidase Activity Assays

As prc\ iously described, our assay uses the evolution of the fluorescent product
of MUG cleavage by (3-galaetosidase as a reporter of the production of our proteins of
interest, Cro and seCro, and the subsequent repression of the genetic circuit by these
proteins. Without inducing the circuit (induction time = 0), we expect to see little to no
baseline P-galactosidase activity, as the initial state of the circuit is repressed by lacR.
Upon induction of the circuit, allowing for p-galactosidase mRNA transcription and
subsequent translation, we expect to see a systematic increase in the number of pgalactosida.se molecules, as reported by fluorescence evolution, over the course of our
increasing induction times. This increase in number of P-galactosidase molecules
produced should be unabated in the OPO strain with no Cro or seCro repressor.
In the case of our OPO-Cro strain, we expect to see a similar increase in the
number of P-galactosidase molecules as would be seen in the OPO strain for a time, but
we also must consider the fact that the laeZ mRNA also contains the transcript of the Cro
gene. Therefore, only through the period of time required for adequate production and
dimerization of Cro should the levels of p-galactosidase activity be similar to OPO.
When sufficient Cro is produced, it should function to repress the system by binding to
X.O, attenuating the production of laeZ/Cro mRNA.
Finally, in the case of our OPO-seCro strain, we expect to see a much earlier
attenuation of the production of P-galactosidase, as the seCro repressor molecule does not
require dimerization to be a functional repressor.

25

L

Figure 7 shows the initial analysis of our data. Data from the plate reader was
exported to our analysis program in Matlab^. which plotted the evolution of fluorescent
product against time for eaeh well. Each well corresponds to a different induction time
for each strain.
Each sidid line in the three graphs is the actual data for each induction period
from 0 minutes thrcnigh 22 minutes. After plotting the raw data, we then used a best-fit
linear squares funetion to prodiiee the dashed lines and to ascertain a slope for this bestfit line for each set of data. This slope is equal to the evolution of fluorescence as a
function of time and is therefore indicative of the number of p-galactosidase molecules
present in each sample. Since each individual enzyme has a set V ma.x> the incremental
increases in slopes for the increasing induction times for all three strains indicate
increasing numbers of p-galactosidase molecules. Also, since our raw data remains
linear for the duration of the assay, it can be deduced that the substrate remains in excess
for the duration of the assay. The number of enzyme molecules per cell is fixed for the
duration of the assay.
However, when Cro is present, we see a reduced production of p-galactosidase.
While there is still an increase in enzyme activity over the course of our 28-minute
induction profile, the reported slopes, and therefore the total number of p-galactosidase
molecules produced, are depressed when Cro is present. This result is expected as Cro,in
sufficient quantity, is able to stop production of Cro/p-galactosidase mRNA by binding
>iO. Furthermore, the slopes for our OPO-seCro strain induction times indicate an even
lower number of enzyme molecules produced for corresponding induction times
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compared with OPO-Cro. This can be attributed to the ability of scCro to repress without
having first to dimerize.
In Figure 8, the reported slopes for 4 separate, duplicate assays of a 28-minute
induction profile for all three strains, OPO, OPO-Cro, and OPO-scCro, have been
averaged, corrected for OD600(to give relative activity of p-galactosidase per cell) and
plotted against their respective induction times. This depiction of the data allows for a
more direct comparison of the time-course evolution of p-galactosidase molecules in all
three strains. Deviation of the slopes of the OPO-Cro and OPO-scCro strains from the
slopes of the OPO strain indicates the repression by Cro or scCro, respectively at X,0.
While both the OPO and OPO-Cro strains appear to have a similar baseline of Pgalactosidase activity, OPO-scCro shows a somewhat elevated baseline, making
comparison more difficult.
Nevertheless, the slopes for the OPO strain show an increase with respect to
induction times, as expected. The OPO-Cro slopes coincide with the slopes of the OPO
strain through an induction time of about 6 minutes. From that point on, the reported
activity of P-galactosidase as reported by the average slopes is depressed as a result of
repression of the circuit by Cro.
For the case of OPO-scCro, we see a much smaller increase in p-galactosidase
activity over the course of the induction period in comparison with, especially, OPO,but
also with OPO-Cro. This reduced production of p-galactosidase indicates a more rapid
repression of the circuit by scCro, resulting in limited mRNA transcription and potential
for P-galactosidase translation.
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Figure 8: Cro and scCro Repress P-galactosidase Activity in Less Than 6 Minutes
from the Time of Transcriptional Induction.
This figure plots the average P-galactosidase activity for each induction period
through 28 minutes as reported in four separate assays of the OPO, OPO-Cro, and OPOscCro strains. The average slopes of best-fit lines produced from data analysis of all
three strains, as seen in Figure 7 are here plotted against induction times (2 minute
increments from 0 to 28 minutes) to show differences between strains. OPO-Cro (green)
is seen to deviate from the OPO strain (blue) at just before 6 minutes of induction. OPOscCro (red) apparently deviates at approximately the same point, though its high initial
level makes this comparison more difficult. Were these slopes normalized for the initial
values, OPO-scCro may be shown to deviate sooner than OPO-Cro.
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It is also important to consider the long-term induction levels of P-galactosidase
activity in our strains. The average levels of P-galactosidase activity per cell in our three
strains after 12 hours are shown in Table 1. along with the average levels after 28 minutes,
the endpoint of the data shown in Figure 8. There is a significant increase in the level
of P-galactosidase activity after the long-term induction compared to the 28-minute
induction period for all three strains. However, it is unknown whether the three strains
simply continue their respective trends of increase, as displayed in Figure 8, throughout
the 12 hours of the long-term induction, reaching a steady-state level and there
equilibrating, or whether the trends of increase for the three strains reach a maximum
level of P-galactosida.se followed by a decrease that results in a steady-state equilibration.
Early attempts at computer modeling (not shown) of our genetic circuit show
evidence of the second scenario; that there is an “overshoot” of the steady-state level
followed by an equilibration at a lower level of enzyme. Further studies that observe the
evolution of enzyme over a longer induction time, with longer increments between
measurements could lend answers to exactly how the steady-state is achieved and
whether it actually is achieved within 12 hours.
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OPO
OPO-Cro
OPO-scCro

average P-galactosidase
activity per cell after
28 minutes
7.4 X 102.8 X 10''
1.2 X 10"

average p-galactosidase
activity per cell after
12 hours
7.4 X 10^
1.6 X 10*’
4.2 X 10"

Table 1: P-galactosidase Levels Continue Increase beyond 28 Minutes of Induction.
In the first column are listed the names of the three strains tested. The second column
reports the average P-galactosidase activity per cell for four sepai'ate assays of our strains
at an induction time of 28 minutes, the endpoint of the data in Figure 8. The third column
reports the average P-galactosidase activity for duplicate assays of our three strains
through an induction period of 12 hours.
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V. DISCUSSION

Our results support the hypothesis that dimerization of Cro monomers does, in
fact, play a significant role in determination of Cro repression dynamics. The fact that
the OPO-scCro strain showed a more rapid repression of the circuit than did wild-type
Cro, reported by lower overall P-galactosidase activity levels, lends credence to the
theory that dimerization is a limiting step in the process of repression in vivo.
However, several questions regarding Cro dimerization and our assay techniques
remain unanswered. Primarily, the protocol for stopping translation with CAM requires
further refinement. The experiment outlined in Section 4 of the Results chapter needs to
be completed to determine the tme working concentration of CAM necessary to
completely stop translation. Also, this study would determine if the supposed inhibition
of p-galactosidase by CAM is legitimate.
Second, the time-course evolution of enzyme between the 28-minute and 12-hour
induction periods here reported should be explored to discern whether the computermodeled “overshoot” in enzyme level before reaching a steady-state level is present in
cellular conditions.
As noted in Figure 8, the baseline level of P-galactosidase activity is elevated for
OPO-scCro as compared to OPO and OPO-Cro strains. At present, this phenomenon is
unexplained. There is also reason to believe that the longer sequence of scCro,
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compared to cro, may play a role in disrupting lac repressor function in the case of the
OPO-scCro strain. As well as binding to lacO, lac repressor dimers can simultaneously
bind to a site within lacZ to form a transcription-repressing DNA loop that is dependent
upon the distance between the two binding sites (Mossing and Record 1986). The
extended sequence of scCiv may be long enough to interfere with this process.
Dimerization rates and equilibria have been determined in vitro for other Cro
variants, including CroF58W, which has been engineered to replace the phenylalanine
residue at position 58 with a tryptophan residue. It would be interesting to observe the
differences in observed dimerization and repression in vivo between this variant and our
results for wild-type Cro and .scCro.
Experiments have been done using dilution of IPTG to stop transcription of
mRNA instead of using CAM to stop translation. Stopping transcription without
stopping translation allows for continued production of P-galactosidase and/or Cro or
.scCro from the existing mRNA, while stopping translation with CAM results,
theoretically, in an immediate cessation of protein production. Execution and
comparison of these two methods in parallel will give further insight to the fates of the
mRNA produced after stopping with IPTG dilution, for example, how many proteins can
be translated before the mRNA degrades, etc.
Finally, computer modeling and data-fitting techniques will help determine the
differences in rate and equilibrium constants between in vitro determinations and in vivo
values. Computer modeling also will provide a rapid method to explore the possibilities
that other variables (binding affinity of Cro for DNA,synthesis rate of Cro, degradation
rate of Cro, etc.) play a role in the reported results.
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APPENDIX A: Recipes for M9 minimal media and Z-Buffer

M9 MEDIA (per 100 ml)
lOX M9 salts*
1 M MgS04
20% glucose
I M CaCb
0.1 MFeCh
1% thiamine

10 ml
0.2 ml
1 ml
10 III
20 |il
50 |il

* M9 Salts:
Na2HP04 ● 7H.0
KNaP04
NaCl
NH4CI

6g
3
0.5 g
Ig

Z-BUFFER (per liter)
Na2HP04-7H20
NaH2P04-H20
KCl
MgS04 ● 7H2O
p-mercaptoethanol

16.1 g
5.5 g
0.75 g
0.246 g
2.7 ml

Do not autoclave. Adjust pH to 7.
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APPENDIX B: Protocol description for MUG fluorescence assays using the
Perkin Elmer wallac Victor^ 1420 Multilabel Counter (plate reader)

Protocol name
Protocol number

.... bgalMUGAssay
N/A

Name of the plate type
Number of repeats
Delay between repeats
Measurement height...
Protocol notes
Shaking duration...
Shaking speed
Shaking diameter...
Shaking type
Repeated operation
Name of the label
Label technology
CW-lamp filter name
CW-lamp filter slot..
Emission filter name
Emission filter slot...
Measurement time....

Generic 8x12 size plate
30
Os
12.00 mm

2.0 s
Fast
... 0.10 mm
Orbital
Yes
Umbelliferone (0.1s)
Prompt fluorometry
... F355
A6
F460
A6
0.1 s
Small
3673

Emission aperture
CW-lamp energy
Second measurement CW-lamp energy .0
Emission side
Above
CW-Lamp Control.
Stabilized Energy
N/A
Excitation Aperture
Name of the label
Label technology
CW-lamp filter name
CW-lamp filter slot..
Measurement time....
Absorbance Mode....
Excitation Aperture..

Instrument serial number:

Absorbance @ 570(0.1s)
Photometry
P570
A4
0.1 s
. Visible
N/A

4205585
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APPENDIX C
Matlab® Script for analysis of data produced by the PerkinElmer wallac
Victor ’ 1420 Multilabel Counter (plate reader)
%mugslopesb.m
%This script scans a text file exported from the Victors plate
reader and
%creates a cell array C that holds a text or number value for
each element
%in the file. C is then converted to a structure array s. The
'HH:MM:SS'
%times in Column 5 (tl) and Column 7 (t2) are converted to
minutes.
%Rows and columns are selected for analysis, si (umbelliferone)
and Abs (570) data matrices and
%corresponding time matrices are assembled and plotted.
01 02 03
04 05 06 07 08 09 10 11 12

% A I
■s

% B etc Victor data is stored in one column, row wise A01-A12,
B01-B12 etc
clear all
name=input{ 'Enter Filename: ' ,

s' )

fid = fopen(name)
%Data fields are:
%lPlate 2Repeat 3Well 4Type 5Time 6A405 7Time 8A570
C = textscan(fid, ' %d Id Is Is Is If Is If, ' headerLines' ,
1) ;
fclose(fid) ;
fields = { 'Plate' 'Repeat' 'Well' 'Type' 'tl' 'si' 't2' 's2' };
s = cell2struct(C, fields , 2) ;
Itimes=datenum(C{5},
hh:mm:ss.ss' )
dvl = datevec(s.tl, 'HH:MM:SS' ) ;
tl=dvl ( : , 6)/60 + dvl{ : ,5) + dvl( : ,4)*60 ; Iconverts to minutes
%dv2 = datevec(s.t2, 'HH:MM:SS' ) ;
It2=dv2 ( : , 6)/60 + dv2{ : ,5) + dv2( : ,4)*60 ; Iconverts to minutes
b - unique(s.Well) ; Ifinds unique wells
lplots=input( [ 'There are
, b,
unique w ells, how many plots?: ' ] )
n = size(b, 1) ;
Inumber of unique wells
n2 = max(s.Repeat) ;
Inumber of repeats (also could do -size(s.Well, 1) / n
tlr=reshape(tl, n, n2) ;
I time 1 row for each well,
each repeat
slr=reshape(s.si, n, n2) ; Isignal
It2r=reshape(t2, n, n2) ;
Is2r = reslrape (s . s2 , n, ri2) ;
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1 columir for

for j=l;n
p = polyfit(tlr{j,:), sir(j,:),1);
1st order polynomial
line = polyval (p, tlr{j,:));
parameters
pm(j ,:) = p;
cl, intcpt c2
lm{j,:) = line;
end

pc=100* pm(:,!)./(max(pm(:,!)));
pc8xl2=(reshape (pc, 12,8))'
b8xl2=(reshape (b, 12,8))' ;
s=num2str(pc, '% +4.2f');
11= strcat(b, s);
for legend labels
figure

Iparameters of linear fit
%linear points from fit
%parameter matrix; slope
%fit lines matrix

% percent of Max
% 8 rows 12 columns
I well labels

Islopes xlOOO as strings fixed format
Icatenate Well ID & slope

%first 48 wells - 8 plots of 6 wells/plot

plot (tlr', sir',tlr',Im', ' ' );
legend (11, ' Location','EastOutside');
appropriate well names

Italces the

f =l
%first data set to plot
for i=l:5
%5 subplots
subplot (3,2,i);
1 = f + 11;
%last data set to plot, 12 lines per plot
plot (tlr(f:1,:)', slr(f:1,:) ,tlr(f:1,:)',lm(f:l,:)','
%axis( [0 1500 0 2.5e6])
legend (ll(f:l), 'Location','EastOutside'); %takes the
appropriate well names
if mod(i,2)==l
title(name)
else
title(date)
end
f = f + 12;
end
%Now f should be 1 + (6*8)
49
set(gcf, 'PaperPosition', [0.5 0.5 7 10]);
figname = strrep(name, '.txt',
print C-dpdf, figname)

f.pdf')
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